Under coherent interactions, particles undergo correlated collisions with the crystal lattice and their motion result in confinement in the fields of atomic planes, i.e. particle channeling. Other than coherently interacting with the lattice, particles also suffer incoherent interactions with individual nuclei and may leave their bounded motion, i.e., they de-channel. This latter is the main limiting factor for applications of coherent interactions in crystal-assisted particle steering. We experimentally investigated the nature of dechanneling of 120 GeV/c e − and e + in a bent silicon crystal at H4-SPS external line at CERN. We found out that while channeling efficiency differs significantly for e − (2 ± 2 %) and e + (54 ± 2 %), their nuclear dechanneling length is comparable, (0.6 ± 0.1) mm for e − and (0.7 ± 0.3) mm for e + . The experimental proof of the equality of the nuclear dechanneling length for positrons and electrons is interpreted in terms of similar dynamics undergone by the channeled particles in the field of nuclei no matter of their charge.
+ and blue for e − ) and Geant4 simulations (black dashed line for e + and black dash-dotted line for e − ) of the deflection-angle distribution in the bent (a) and free (b) directions for e + and e − beams interacting with the crystal. Only particles with an incoming angle less than half of the critical channeling angle, θ c (18.8 µrad for 120 GeV/c e + ), with respect to the channeling plane have been analyzed.
Figure 2: Experimental measurements ((a) for e
+ and (b) e − ) and fitted distributions (black dash-dotted for the fitted distribution, dashed for the nuclear (1.) and electronic (2.) dechanneling components and dotted lines for the undeflected (3.) and channeling (4.)) of the deflection-angle distribution in the bent direction for e + and e − beams interacting with the crystal. Only particles with an incoming angle less than half of the critical channeling angle, θ c (18.8 µrad for 120 GeV/c e + ), with respect to the channeling plane have been analyzed.
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The remaining f e fraction of particles does not initially interact with nuclei and thereby undergoes interaction with electrons only. The interaction strengths with electrons and nuclei are quite different, e.g., for a collimated 400 GeV/c proton beam interacting with Si (110) crystal, l (+) e ∼ 220 mm [22] , while l (+) n ∼ 1.5 mm [21] , with l (+) e being the electronic dechanneling length. The electronic dechanneling length scales proportionally to the particle momentum [23] and was extensively measured for protons [24, 13, 25] .
In the literature [21, 26, 4 ], the channeled-particle fraction f
ch at depth z in the crystal holds
where f ch is the fraction of channeled particles and l (+) e is the electronic dechanneling length, i.e. the distances after which a 1/e fraction of the initial particles are still under channeling.
For negatively charged particles, since the minimum of the potential well is located on the atomic planes, the mechanism of electronic dechanneling has a negligible contribution (f e ∼ 0, f n ∼ 1) because all the particles do interact with nuclei [26, 5, 6] . Therefore, the channeled-particle fraction f ch,− holds
A bent crystal is capable of separating channeled, never-channeled and dechanneled fractions [21, 26] . Indeed, the channeled fraction is deflected to the nominal crystal bending angle, the never-channeled fraction is only scattered, while the dechanneled fraction results in a deflection angle lower than the nominal crystal bending angle. Therefore, for the measurement of l n , a slightly bent thin crystal is the optimal choice, since the three particle fractions can be easily discriminated. Channeling efficiency decreases as the crystal curvature 1/R increases, and vanishes for R < R c , R c being the critical radius for channeling [27, 28] . The usage of a crystal with R≫R c does not significantly lower the channeling efficiency. In fact, particles dechanneled at a crystal depth z are deflected by an angle θ z ≈z/R, thereby a measure of the rate of dechanneled particles as a function of the crystal depth can be inferred [25, 21] . Moreover, a crystal with l≪l e allows distinguish the nuclear dechanneling length l n for positive particles, since the contribution of the second term in Eq.1 is very small.
The quantities l
and R c scale as particle momentum-velocity pβ [20] . For 120 GeV/c particle momentum, l (+) e is ≈ 45 mm and R c is ≈ 0.21 m. A Si strip that fulfills the requirements l≪l e and R≫R c was manufactured starting from prime-quality wafers. The strip was shaped as a parallelepiped of size 1.99 x 55.0 x 2.01 mm 3 , with l cry = 2.01 mm being the length along the beam direction, and was bent using a custom-made mechanical device [15] , resulting in an anticlastic bending of the (110) planes with R = (11.5 ± 0.5) m. The strip bending radius [29] was determined by means of interferometric and diffrac- Channeled fraction e − -all e + -all e + -unstable Figure 3 : Simulation of the fraction of particles under channeling interacting with a (110) Si straight crystal for 120 GeV/c e − (e − -all), e + (e + -all) and for the fraction of channeled e + that impinge on the crystal close to the atomic planes (e + -unstable).
tometric measurements through a VEECO NT-1100 white-light interferometer and a Panalytical X-Pert MRD-PRO diffractometer, respectively. The crystal was exposed to a 120 GeV/c e − and e + beams at the H4 CERN-SPS extracted line with (66±2)x(97±5) µrad 2 divergence rms. The holder with the crystal was mounted on a two-axis goniometer with an angular resolution of ∼ 1 µrad. The particle incoming and outgoing angles from the crystal were detected by means of a tracking detectors system [30] . The standard deviation of 14.6 µrad for the angular resolution of the system was verified through Geant4 Monte Carlo simulations [31, 32] . An electromagnetic calorimeter was positioned after the telescope system, allowing the selection of e − and e + and the rejection of muons and hadrons. The strip largest face orthogonal to the 110 axis was oriented parallel to the beam direction. Table 1 : Fit parameters for the distribution of the deflection angles in the bent direction for 120 GeV/c e + and e − after the interaction with the 2.01 mm Si (110) crystal, where f c , θ c and σ c and f u , θ u and σ u are the efficiency, mean deflection and standard deviation of the channeling and undeflected peaks, l n the nuclear dechanneling length and f n the fraction of particles under nuclear dechanneling. The parameters A and r for the double Gaussian distribution of the undeflected peak were set equal to 0.89 and 2.3, as for the misaligned orientation (see 2), and l e was set to 44.5 mm [20] .
Type Particle Figure 1 .a shows the experimental distributions of the deflection-angle under channeling for e − and e + . Since particles undergo channeling when the angle θ between their direction and the crystal planes is smaller than the critical angle for channeling, θ c (18.8 µrad for 120 GeV/c e + ), only the particles with θ < θ c /2 were analyzed.
The analysis of the distributions was carried out using the fitting procedure described in Ref. [33] for e − . The probability distribution of the dechanneling
where f u is the fraction of particles in the undeflected peak, σ u and θ u the standard deviation and the mean of the distribution for the undeflected peak, θ c the mean of the distribution for the channeling peak, θ d = l n /l cry θ c and ∆θ = θ − σ one and the fit parameters are summarized in Tab. 1. The channeling efficiency is (2 ± 2) % and the dechanneling length is (0.6 ± 0.1) mm.
The measured dechanneling length is shorter than the crystal length. As a consequence, the fraction of particles dechanneled due to electronic dechanneling may be visible. Therefore, the probability distribution of the dechanneling tail for e + becomes the sum of two terms:
where θ e = l e /l cry θ c and θ n = l n /l cry θ c , f n and f e being the fraction of channeled particles under nuclear and electronic dechanneling, respectively. Figure 2 .a shows the fitted distribution over the experimental one and the fit parameters are summarized in Tab. 1. The channeling efficiency is (54 ± 2) %, l (+) n = (0.7 ± 0.3) mm and f (+) n = (30 ± 10) %. The same fit procedure was repeated for the case of electrons, resulting in a f (−) n = (0.0 ± 0.1)%, which is consistent with the initial supposition that negative particles are subject to nuclear dechanneling only. As previously noted, the rate of nuclear dechanneling depends on incoherent interactions with atomic nuclei, which are similar for positive and negative particles. In fact, measurements showed that l n does not significantly vary with particle charge at all. Figure 1 .b shows the experimental distributions of the deflection-angle under channeling for e − and e + for the free direction, i.e. the direction not bent. The analysis of the distributions was carried out using the fitting procedure described in Ref. [33] and the fit parameters are summarized in Tab. 2. The scattering in the free plane for negative particles is stronger for the particles under channeling than for those not aligned with the crystal planes, while for positive particles the opposite occurs. Indeed for positive particles the largest fraction of particles does not interact with the nuclei, reducing the probability of incoherent scattering. Table 2 : Fit parameters for the distribution of the deflection angles in the free direction after the interaction of 120 GeV/c e + and e − with the 2.01 mm Si (110) crystal under channeling. The distribution is the sum of two Gaussians, where A is the constant factor of the first Gaussian (1 − A for the second Gaussian) and r is the ratio between the standard deviations of the second Gaussian and the one of the first Gaussian. The same fit was carried out for particles not aligned with the crystal planes (Not aligned) for both e Monte Carlo simulations were carried out using the Geant4 toolkit [31, 32] . The experimental setup at the H4-SPS area is reproduced in the simulation in order to take into account the error due to the finite resolution of the telescope. Channeling is implemented via an updated version of the Geant4 channeling package [34] . The package does not take into account coherent radiation processes. The results are shown in Fig. 1 and the fit parameters are summarized in Tabs. 1 and Tab. 2. Simulations show a good agreement with experimental data for both positive and negative particles.
The availability of a Monte Carlo code for the simulations of the coherent phenomena allows to having an insight into the dechanneling mechanism. Indeed, other than comparing the deflection distribution at the exit of the crystal, the evolution of the beam phase space into the crystal can be studied. Figure  3 shows the evolution of the fraction of channeled particles as a function of the penetration depth into a straight crystal of 1 mm. In the simulation 120 GeV/c e − and e + collimated beams impinge on a Si (110) crystal. The simulations were worked out via the DYNECHARM++ code [35, 36] . As can be noticed, the fraction of particles in unstable channeling condition that impinge on the crystal close to the atomic planes, i.e. at a distance less than 2.5 times the amplitude of atomic thermal vibration, decreases as the fraction of channeled particles for a e − beam. On the other hand, the channeling efficiency of the whole e + beam remains higher than 80 %. Figure 4 shows five snapshots of the evolution of the phase space for a perfectly collimated beam of e + and e − interacting with a Si (110) straight crystal for a lively representation of the particle dynamics (evolution sequence is available as supplementary material). The evolution of the e + particles under stable channeling condition, i.e. that oscillate far from atomic plane, maintains a coherent pattern in the phase space for a period much longer than the e − particles. For positive particles the length for which the confined channeled particles are randomly distributed in the phase-space spot is similar to the l (+) n , while the distribution of negative particles is immediately randomized approximately after a single oscillation period due to the strong interaction with atomic nuclei.
In summary, the nuclear dechanneling lengths of 120 GeV/c e − and e + were measured. State-of-the-art slightly bent Si crystal were adopted to separate channeled, unchanneled and dechanneled fractions, resulting in the capability of measuring the rate of incoherent interactions with nuclei. We found out that the channeling efficiency is different, 2 ± 2 % for e − and 54 ± 2 % for e + , while the nuclear dechanneling length is comparable, l (−) n and l (+) n being (0.6 ± 0.1) mm and (0.7 ± 0.3), i.e. the experimental proof that the nuclear dechanneling length does not depend on particle charge. Such result is fundamental for the design and fabrication of crystals suitable for the manipulation of both positive and negative particles. Moreover, the already existing experimental studies for negative particles may be extended to positive particles and vice versa. As an example, the nuclear dechanneling length for positrons at MAMI or SLAC energies may be inferred from the measured dechanneling length of electrons at the same energies, or the nuclear dechanneling length of anti-proton at 400
GeV/c from the measured dechanneling length of protons.
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